INTRODUCTION
Ribozymes are RNA-based enzymes that bind to and cleave RNA molecules in a sequence-specific manner. The development of ribozyme-mediated cleavage of mRNA in trans has resulted in an increasing number of reports using ribozymes for potentially therapeutic application. A wide variety of sequences in the HIV genome have also been the target for hammerhead and hairpin ribozyme-mediated interference with gene expression.
Some of these examples have demonstrated the ability of ribozymes either to inhibit expression of reporter genes under control of HIV-1 genes or to suppress HIV (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . These results were all achieved by delivering the ribozymes endogenously, i.e. using plasmids or retroviral vectors containing the ribozyme sequence behind a suitable promoter. Exogenous delivery of synthetic ribozymes is an alternative for the inhibition of gene expression particularly with the hammerhead ribozyme (2) (3) (4) . However, exogenous delivery has not yet been applied for the inhibition of the expression of HIV-1 genes, with the exception of mainly a cellular-uptake study with a kinetically not characterized DNA-RNA ribozyme chimera (12) . We have therefore decided to explore this mode of application and have chosen the HIV-1 LTR as a target because of its high degree of conservation among the known HIV-1 isolates and because of its presence in both early and late viral gene products (13) . Also, several cellular factors interact with regulatory elements of the LTR to regulate the expression of the HIV-1 genome (14) . We have approached this question by studying the effect of hammerhead ribozymes on a model system where the expression of luciferase is driven by the HIV-1 LTR as promoter.
As degradation of ribozymes by nucleases can be a problem in the exogenous delivery mode, we not only used unmodified ribozymes but also derivatives which are known to stabilize the ribozymes without interference with catalytic activity (15) (16) (17) .
RNA molecules exhibit extensive secondary structures of single-and double-stranded regions which renders many potential ribozyme-cleavable triplets inaccessible. This limited accessibility has been most convincingly demonstrated not only for oligodeoxynucleotides (18) (19) (20) but also for ribozymes (21) . The success of ribozymes in interfering with gene expression thus depends critically on the identification of those regions of the chosen target RNA which are accessible for ribozyme annealing. One experimental strategy is the annealing of a completely randomized oligodeoxynucleotide to the target transcript and cleavage with RNase H which has been successful not only for the identification of oligodeoxynucleotide sites (22, 23) but also for ribozyme sites on the human acetylcholinesterase RNA (24) . This strategy has also been extended to native RNA as target in cell extracts which relates more closely to the intracellular environment (25) . It has also been used in conjunction with the computer-predicted secondary structures of local sequence stretches (26, 27) . This method is well suited for the design of oligodeoxynucleotides for the antisense-oligodeoxynucleotide-mediated inhibition of gene expression but does not necessarily accurately identify ribozyme cleavage sites although this has been successful in two cases (24, 28) . More suitable presumably is the use of ribozymes with randomized binding arms. This has been described for the group I intron ribozyme (29) , for the hairpin ribozyme (30, 31 ) and a DNAzyme (32) . We have decided to use three different hammerhead ribozyme libraries, directed against either NUX, GUX or NXG triplets, to probe the HIV-1 LTR transcript for cleavage. Although this RNA has been among the targets for endogenous ribozyme cleavage, no analysis for ribozyme accessibility has been performed so far. 
MATERIALS AND METHODS

Phosphoramidites
Plasmids and oligonucleotides
For the in vitro cleavage reaction and RNase protection assays plasmid pOTH33 was used that directs the in vitro transcription of the HIV-1 LTR from -533 to +386 under control of the bacteriophage T7 or SP6 promoter to produce a sense or antisense transcript, respectively (16) . For the detection of ribozyme-mediated cleavage in cell culture experiments plasmid pLTRLuc was constructed, expressing the luciferase reporter gene under control of the HIV-1 LTR-promoter (Fig. 1) . Thus, the HIV-1 LTR sequence from position -533 to +190 was excised from plasmid pOTH22 (16) by XbaI and StuI restriction and was cloned into pBHELuc (33) , containing the luciferase gene of Photinus pyralis, to replace the SV40 promoter. The sequence of pLTRLuc was confirmed by DNA sequencing. Plasmid pRSVTat (34, 35) was used for transactivation of LTR-driven luciferase expression in cell culture experiments. Both pBHELuc and pRSVTat were obtained from H. Hauser (GBF, Braunschweig, Germany). Plasmid pTRI-β-actin-human (Ambion) was used as a standard in RNase protection assays and northern blot.
Ribozymes and randomized ribozyme libraries were chemically synthesized and purified as described previously (36, 37 DNA-primer LTR250 (5′-dAGCCGAGTCCTGCGTC-GAGA-3′) was used for the primer extension assay and sequencing. DNA oligonucleotides AS-115 (5′-dTGCCCGT-TTCGGCCTAACGGCCTCATCAGTGTTGTG-3′) and AS-161 (5′-dCTTTAGTTTCGGCCTAACGGCCTCATCAGAGTGTGG-3′) were used for northern blot analysis.
In vitro transcription
For in vitro transcription a plasmid containing the appropriate sequence, pOTH33, was linearized and either gel purified or phenol-chloroform extracted and ethanol precipitated. Two micrograms of linearized plasmid DNA, 20 U of RNase inhibitor, 2500 U T7-polymerase and 50 µCi [α-32 P]UTP were incubated in a volume of 50 µl for 1 h at 37°C in a buffer containing 10 mM DTT, 500 µM of each NTP, 50 mM Tris-HCl, pH 7.5, 2 mM spermidine and 6 mM MgCl 2 . Thereafter 50 U of DNase I (RNase-free) were added for 15 min. Non-incorporated NTPs were removed by centrifugation with microconcentrators Micron-50 (Amicon) according to the protocol applied by the manufacturer. The concentration of the aqueous RNA solution was determined by UV absorption at 260 nm to range from 0.1 to 7.0 µM. RNA was stored at -20°C.
Mapping of accessible sites
The EcoRI-linearized plasmid pOTH33 containing the HIV-1 LTR was in vitro transcribed and used as substrate for the mapping procedure. The transcript and randomized pool of ribozymes were preincubated at 75°C for 1 min in the presence of 50 mM Tris-HCl, pH 7.5, followed by 10 min of incubation at 37°C. MgCl 2 was added to a final concentration of 10 mM. Cleavage reactions were performed in a total volume of 20 µl with 5 nM LTR substrate and 100 µM of the randomized ribozyme pool. After 4 h incubation at 37°C RNA was ethanol precipitated, the RNA pellet was resuspended in 5 µl of water and used for primer extension assay. As a control the pOTH33 transcript was incubated without ribozyme libraries.
Cleavage sites were identified by primer extension analysis mediated by AMV reverse transcriptase and DNA primer LTR250. The RNA pellet from the cleavage reaction (5 µl) was first denatured in the presence of [γ-32 P]ATP-labeled DNA primer by heating to 80°C for 10 min in 5 µl hybridization buffer (60 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM DTT) and then slowly cooled to 30°C. Annealed samples were then added to 5 µl of primer extension buffer (0.5 mM dNTPs, 4 mM MgCl 2 , 1× hybridization buffer).
The reverse transcriptase reaction was initiated by adding 12.5 U of AMV reverse transcriptase. After 30 min incubation at 50°C the reaction was stopped by addition of an equal volume of gel-loading buffer (95% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue, 18 mM EDTA, 0.025% SDS) and analyzed on an 8% polyacrylamide-7 M urea gel in the presence of a DNA sequencing ladder of the analyzed LTRregion generated by sequencing pOTH33 (0.6 µg) with the fmol sequencing system (Promega) using the [γ-33 P]ATP-labeled DNA primer LTR250 according to the protocol described by the manufacturer.
In vitro ribozyme cleavage kinetics
For cleavage kinetics the EcoRI linearized plasmid pOTH33 containing the HIV-1 LTR was in vitro transcribed as described. Cleavage reactions were performed under single turnover conditions with a range of ribozyme concentrations (between 250 and 2000 nM). The ribozymes were incubated at 75°C for 1 min in the presence of 50 mM Tris-HCl, pH 7.5. After cooling to 37°C MgCl 2 was added to a final concentration of 10 mM. Cleavage reactions with 100 nM substrate were performed in a total volume of 25 µl, containing 50 mM Tris-Cl, pH 7.5, and 10 mM MgCl 2 . A reaction was initiated by addition of the ribozyme and incubated at 37°C for 1 h. Reactions were stopped by the addition of 10 µl stop-mix (7 M urea, 50 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol). The resulting cleavage products were analyzed on a 6% polyacrylamide-8 M urea gel (40 cm long for 1 h at 50 W) and the remaining fraction of the substrate was determined by laser scanning densitometry on a Fuji Bas-2000 Phosphorimager. Kinetic constants for the cleavage were obtained by plotting the observed cleavage rate k obs against the quotient of k obs over the ribozyme concentration [E] g according to the following equation:
The reaction rate k obs equals the negative logarithm of the remaining substrate (Frac S) divided by the reaction time t. The negative slope represents the K M value, and the intercept of the regression line with the ordinate gives the maximal reaction rate k react under single turnover conditions (17) .
Cell culture experiments
HeLa cells were cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin and 10 µg/ml streptomycin. Cells were kept in a moist atmosphere with 10% CO 2 at 37°C. The day before transfection exponentially growing cells were seeded onto 6-well tissue culture plates according to standard protocols at a density of 2.5 × 10 5 cells/well. Cells were grown overnight (at least 18 h) to yield~50-70% confluency for transfection. Prior to transfection ribozymes and Tfx-50 were complexed in 100 µl Opti-MEM for 20 min (500 pmol ribozyme/4 µl Tfx-50). At the same time the target plasmid pLTRLuc together with plasmid pRSVTat were complexed with Tfx-50 in 100 µl Opti-MEM (0.25 µg pLTRLuc and 0.002 µg pRSVTat/1 µl Tfx-50). Cells were incubated at 37°C in 800 µl DMEM with FCS, supplemented with the Tfx-50-ribozyme and Tfx-50-plasmid complexes (final concentration of ribozyme 0.5 µM). After 2.5 h cells were washed twice with DMEM (10% FCS). Transfected cells were cultured for 18 h.
Inhibition of gene expression by ribozymes was determined by measuring the activity of luciferase. At defined time points after transfection cells were washed twice with phosphate buffered saline (PBS) (0.14 M NaCl, 2.7 mM KCl, 16 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.4) and cell extracts were made using 130 µl of lysis buffer (0.1 M potassium phosphate, pH 7.8, 0.2% Triton X-100, 1 mM DTT).
Luciferase expression was quantified on 20 µl of centrifuged lysate supernatant using a buffer containing 20 
RNase protection
For the quantitation of LTR-RNA levels HeLa cells were plated and transfected as described previously. After 18 h cells were washed with PBS and RNA was extracted using an Ultraspec RNA kit. To measure the level of LTR-luciferase RNA the RNase protection kit RPA II was used. An antisense RNA probe targeting portions of the LTR region or the β-actinhuman gene were prepared by in vitro transcription in the presence of [α-32 P]UTP. The antisense probe for HIV-1 LTR contained 341 nt and was generated by in vitro transcription of plasmid pOTH33, linearized with HindIII and transcribed by SP6 polymerase. After hybridization with LTR mRNA the protected fragment contained 112 nt including the LTR region from position 78 to 190. The RNase protection assay was carried out with 20 µg of total RNA according to the standard protocol as described by the manufacturer. Hybridization of cellular RNA with both transcripts, 32 P-labeled β-actin-human-and LTR-probe was carried out at 42°C overnight. The protected fragments were precipitated, analyzed with 6% polyacrylamide-urea gel electrophoresis and quantitated using the Fuji Bas-2000 Phosphorimager. The β-actin mRNA level served as an internal RNA quantitation reference.
Northern blot
For the detection of intracellular ribozymes, cells were grown and transfected with ribozymes as described. Following growth for 18 h cells were washed with PBS and RNA was isolated with Ultraspec RNA as described by the manufacturer. RNA was separated by a 1.5% (w/v) agarose-formaldehyde gel. Northern transfer and hybridization were performed according to standard procedures (Maniatis). The same blot was probed with the Rz161 and Rz115 specific oligonucleotides (AS-161, AS-115) which were 32 P-end labeled and an internally 32 P-labeled β-actin antisense transcript. Ribozyme and β-actin-levels were quantified on a Fuji Bas-2000 Phosphorimager. The β-actin mRNA served as an internal RNA quantitation reference.
RESULTS
Identification of susceptible target sites
Three different ribozyme libraries were generated by chemical synthesis (Fig. 2) . GUX and NUX libraries represent conventional hammerhead ribozymes while the NXG library is specific for a purine nucleotide-specific hammerhead-like ribozyme previously selected in vitro (38) . The binding arms are randomized except for the 3′-terminal nucleoside.
To identify cleavage sites on the HIV-1 LTR promoter a 940 nt long LTR transcript of pOTH33 was incubated with one of the three ribozyme libraries. Locations of the resulting cleavage sites were identified by reverse transcriptasemediated primer extension analysis of the 3′-fragments aligned with a dideoxy sequencing ladder of the corresponding LTR region (Fig. 3) . As a control the LTR substrate was incubated without libraries to ensure that sites do not arise from reverse transcription termination. Two prominent bands at positions 115 and 161 were observed using the GUX and NUX libraries. The NXG library identified one weak cleavage band at position 109. According to the sequences flanking the cleavage sites, three different ribozymes, containing 7 nt for each binding arm, were designed (Fig. 4) . Modified ribozymes were used to protect against nuclease degradation by modifications at the 2′-position of pyrimidine nucleotides and by incorporation of phosphorothioates at the termini. Ribozymes with inverted arms served as a control for the sequence specific effect of the active ribozyme in cell culture experiments. Catalytically inactive ribozymes were identical to the active ribozyme except for two mutations in the catalytic core, G5A and A14G, leading to complete abolishment of cleavage capacity. These constructs were used as a control for the effect of cleavage on the inhibition of luciferase expression.
Cleavage activity in vitro
Active ribozymes Rz115 and Rz161, modified and unmodified, and unmodified ribozyme Rz109, were incubated with the pOTH33 in vitro transcript as described in Materials and Methods. Cleavage activities were determined under single turnover conditions (Table 1) . Active ribozyme variants cleaved the transcribed LTR mRNA substrate in two fragments of predicted size. Neither the inverted ribozyme nor the nonfunctional ribozyme produced any cleavage products. The activities of ribozymes Rz115 and Rz161, modified or unmodified, were almost the same. A lower degree of cleavage was observed with ribozyme Rz109.
Activities of ribozymes in cell culture
The activity of ribozymes against the LTR target mRNA in cell culture was examined with the plasmid construct pLTRLuc containing the ribozyme substrate LTR as a promoter to direct the expression of the reporter gene of luciferase (Fig. 1) . HeLa cells were transiently cotransfected simultaneously with pLTRLuc and ribozymes using Tfx-50 as the carrier as described in Materials and Methods. The efficiency of ribozyme activity against the target LTR-RNA was determined by a decrease in luciferase activity after 18 h of growth as RLU/mg protein. Assays were normalized to protein concentration of the cell lysate. Activity in cells transfected with 0.25 µg pLTRLuc varied between 0.4 and 1.5 × 10 5 RLU/mg protein. Additionally in some experiments, cotransfection of the plasmid pRSVTat was performed. Transfection of 2 ng pRSVTat resulted in an increase of the luciferase activity by a factor of up to 100. The results, shown in Figure 5 , present the average of at least three experiments, each in duplicate, of the luciferase activity in cells, transfected with the active or inactive ribozymes compared to cells transfected with the inverted form. Double determinations deviated by <5%.
The inhibition levels of luciferase activity reached 87 and 61% after 18 h for 0.5 µM of active ribozymes Rz115M and Rz161M, respectively, when cotransfected only with plasmid pLTRLuc. In the presence of pRSVTat, leading to a transactivation of the LTR-dependent luciferase activity, the inhibition levels were 43% for Rz115M and 25% for Rz161M. Inhibition was essentially identical for the inactive Rz115M with 85% in the absence of Tat, and 39% in its presence. There was a bigger difference for the two forms with R161M where the inhibition was only 53% with the inactive form without Tat, and 39% in its presence.
The active and inactive forms of Rz115M were also tested in single experiments, in the absence of Tat, at 1 µM concentration with essentially the same results. Lowering the concentrations to 0.1 µM gave approximately half the degree of inhibitions, and at even lower concentration of 0.025 µM the active ribozyme achieved only 11% inhibition and the inactive none.
In contrast to the in vitro results the unmodified ribozyme variants of Rz115 and Rz161 were inactive in the cellular environment. Also Rz109, demonstrating only a low cleavage activity in vitro, as well as the modified form, Rz109M, did not show any inhibitory effect in the cell (data not shown).
To confirm that inhibition of ribozymes was sequence specific for LTR-RNA, cells were cotransfected with ribozymes and pBHELuc, a control-plasmid expressing luciferase under control of the SV40 early promoter. By the substitution of the promoter region LTR in this plasmid the corresponding transcript should no longer be a target for the ribozymes and no inhibitory effect on luciferase activity was to be expected. Transfection of ribozyme and plasmid DNA was performed as described above. No inhibition of luciferase activity was observed (data not shown). This result indicates that HIV-1 LTR-directed ribozymes inhibit sequence-specifically gene expression of the appropriate target sequence.
Decrease of LTR mRNA
An RNase protection assay with total RNA of cells, cotransfected with pLTRLuc, pRSVTat and ribozyme under the same conditions as previously described, was carried out in order to see whether the decrease of luciferase activity correlated with a decrease in the level of the target LTR transcript in the cells. The amount of LTR mRNA was correlated with the amount of β-actin mRNA for the same sample (Fig. 6) . In cells transfected with the active ribozyme Rz115M, uncleaved LTR-RNA was reduced to 31% compared to cells transfected with the inverted control. The inactive ribozyme reduced the amount of the substrate RNA to 53%. In cells transfected with ribozyme Rz161M the amount of substrate RNA decreased to 64% with the active ribozyme and to 76% with the inactive variant. No Table 1 . Cleavage constants of ribozymes Ribozymes were incubated with the in vitro transcript of HIV-1 LTR for 1 h at 37°C. Cleavage kinetics were performed under single turnover conditions as described in Materials and Methods. M, modified ribozymes (17) . products of RNA cleavage could be observed, only the fulllength RNA, presumably because of degradation of the cleaved RNA.
Cellular uptake of ribozymes and stability in cells
The intracellular concentration of ribozymes after 18 h of growth was determined by northern blot. In order to compare cellular uptake and stability of ribozymes HeLa cells were transfected with Rz115M, Rz161M and Rz161 as described above. Total RNA purified from cells transfected with 0.5 µM ribozyme was first probed with ribozyme-specific oligonucleotides and then with a human β-actin specific probe to normalize ribozyme values for the amount of cellular RNA (Fig. 7) . The levels of both variants of the modified ribozymes, Rz115M and Rz161M, were found to be nearly identical. In contrast, the level of the unmodified ribozyme Rz161 was much lower than that of the modified ribozymes.
DISCUSSION
Synthetic ribozymes have been used for the inhibition of gene expression less often than the plasmid-or retroviral vector-derived ribozymes (2, 3) . This is probably due to the considerable synthetic effort which is involved in the preparation of the chemically modified ribozymes which are required to prevent degradation by nucleases (15, 17, 39, 40) . Targets for chemically modified ribozymes in cell culture have been c-myb (41) , N-ras (42), luciferase (43), multiple drug resistance gene (44) , VEGF receptor (45), Ki-ras (46), dopamine D2 receptor (47) and Hepatitis C virus 5′ LTR (48) . In one study anti-Tat ribozymes were microinjected in human cells and shown to be effective when placed in the cytoplasm (49) . In vivo model studies have been reported for inhibition of amelogenin (50), protein kinase Cα (51) and for reduction of stromelysin (52) . The HIV-1 LTR has also been previously described as a target for ribozymes in several publications but only for endogenous delivery. (5, 11, (53) (54) (55) (56) . In none of these studies was the RNA or transcripts checked for ribozyme accessibility. This is important as the HIV-LTR, like all RNAs, is highly structured as shown by chemical probing (57) . The three ribozyme libraries we used for the identification of such sites in a transcript of nucleotides produced strong cleavage bands at positions 115 and 161 by the NUX and GUX libraries, containing the core sequence of the conventional ribozyme, and a weak band at position 109 for the NXG library with the core of the purine-specific hammerhead-like ribozyme (38) . Interestingly, positions 115 and 161 had been earlier selected by us for ribozyme cleavage, simply by checking the sequence of this LTR region for GUC sites (16) . Other groups had directed their endogenously produced ribozymes also against position 115, either as hammerhead or hairpin ribozymes with good results (9, 11, 53, 56) . Both the RNA at positions 115 and 161 are followed downstream by either a bulge or a loop according to the structural model by Baudin et al. (57) which might facilitate the nucleation of the ribozymes which subsequently invade the double-stranded regions. This model is consistent with the findings for the annealing of oligodeoxynucleotides to tRNA (58, 59) .
Ribozymes 109, 115 and 161 were kinetically characterized for cleavage of a transcript in the unmodified form ( Table 1) . As expected from the weaker band in transcript cleavage with the randomized form (Fig. 3) ribozyme 109 was less effective in this cleavage than ribozymes 115 and 161. Only these two were further characterized with the chemically modified forms which showed comparable activity to the unmodified (Table 1) . HeLa cell culture experiments were then initiated using the plasmid pLTRLuc for the HIV-1 LTR-driven expression of the luciferase and the chemically modified ribozymes (Figs 1 and 4) . The inverted form of the ribozymes were used to neutralize the positive charge of the carrier and served as a control for the sequence specificity of the inhibitory effect. Eighteen hours after transfection the chemically modified form of the active ribozyme 161M showed 67% inhibition of expression (Fig. 5) . The catalytically inactive form produced 53% of inhibition. Ribozyme 115M had a more pronounced effect, giving 87% inhibition for the active and approximately the same with the inactive form. Ribozyme 109M did not show an effect on luciferase expression. It was of interest to test whether the ribozymes could still cope with the larger amount of RNA stimulated by the presence of Tat which is known to increase the expression of chimeric LTR-genes by stimulating transcription (60, 61) . When cotransfection was performed with pRSVTat inhibition was reduced to 22% for active ribozyme 161M and similarly for the inactive form, and to 40% for ribozyme 115M. Thus, the larger amount of mRNA induced by Tat results in a lower degree of inhibition. This indicates that a certain ratio of ribozyme to RNA is required for optimal inhibition. In summary, these results also show that exogenously applied ribozymes can suppress the expression of an LTR-driven gene by interacting with the HIV-1 LTR promoter RNA.
The similar degree of inhibition of expression by the catalytically active and inactive ribozymes could be ascribed to an essentially antisense effect by both, indicating a lack of turnover for the active ribozyme. This mechanism would explain the effect by a physical block of the ribosome in translation. If this was the correct interpretation, the level of mRNA should not be reduced in the ribozyme-treated cells. However, the RNase protection analysis (Fig. 6) shows a reduction of the LTR RNA to 31% by the active ribozyme 115M and to 53% for the inactive. Similarly, these values are 53 and 64%, respectively, for the two forms of ribozyme 161M. Rz115M, which exhibited a more pronounced inhibition of protein expression than Rz161M, also reduced the level of RNA more strongly. One also observes a higher degree in reduction of the RNA for the active than the inactive forms, particularly for Rz115M. This difference of 22% could possibly be ascribed to ribozyme-dependent cleavage indicating that this pathway makes a certain contribution in degradation of the RNA at least for this ribozyme. However, inhibition of expression does not reflect the contribution by the two mechanisms of RNA degradation where it might be obscured by the life time of the protein.
The reduction of the target RNA by the inactive forms of the ribozymes would suggest that they did not act by a simple antisense effect but that a degradation of the target RNA must have occurred. The mechanism for such a degradation can only be hypothesized on at present. One possibility is that a doublestranded RNase is responsible for this effect. The presence of such an enzyme in human cellular extracts and its partial purification from rat liver has been described (62) .
The difference in degrees of inhibition by active and inactive forms by exogenously delivered chemically modified ribozymes differs when comparing data provided in other publications. Scherr et al. (42) report 54% reduction of luciferase activity for the active and 20% for the inactive ribozyme in their N-ras chimeric construct. The values reported for inhibition of PKCα (51) are 70 and 50%, respectively, and mRNA was reduced by 97% for the active and by 50% for the inactive form. Inhibition of proliferation by ribozymes directed against the VEGF receptor was between 56 and 77% for the active and no change observed for the inactive ribozyme; levels of mRNA were reduced to 50% by the active and to 13% by the inactive (45) . Our own work on expression of luciferase showed essentially no difference in expression for the two forms (43) . This comparison shows a considerable variation in results for the expression as well as for the mRNA levels. Most authors observe a certain degree of inhibition of protein expression by the inactive ribozyme and also reduction in the mRNA level. Although the reasons for these different results are not clear at present, the type of chemical modification of the ribozyme might play a role, for example in the stability of the ribozymetarget RNA complex. The more stable this complex is, the more difficult the dissociation of the cleavage products will be. Conversely, the stability of the complex with the inactive ribozyme might facilitate degradation by nucleases.
It is worthy of note that only the chemically modified ribozymes showed any inhibitory effect but not the unmodified. Analysis of ribozyme cellular uptake indicated a considerably weaker cellular concentration of the unmodified form of ribozyme 161 measured after 18 h (Fig. 7) . The low cellular concentration of the unmodifed form apparently is not sufficient to have an effect on translation. It is not clear whether the low concentration is due to poorer uptake or to a more pronounced degradation by cellular nucleases. The difference in inhibitory power for the modified and the unmodified ribozyme is in contrast to our finding with ribozymes directed against the luciferase directly where the unmodified ribozyme also had an inhibitory effect (43) . However, a different cell line was used there which also stably expressed the reporter protein. Thus a direct comparison is not possible.
In conclusion, this report shows the successful identification of ribozyme cleavage sites by a hammerhead ribozyme library and the usefulness of exogenously applied chemically stabilized hammerhead ribozymes for the inhibition of HIV-1 LTR driven gene expression. It also suggests that in the system investigated here, the inactive forms of the ribozymes, and possibly the active, might exert their effect by stimulating a double-stranded RNase.
